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Abstract

Habitat Selection and Predation Risk in Larval Lampreys
Dustin M. Smith

This thesis examines habitat preference and the influence of habitat on predation of
larvae (ammocoetes) of the least brook lamprey (Lampetra aepyptera). The thesis comprises
three chapters: (1) an introduction and literature review on the general life history of lampreys
and on studies related to ammocoetes and their habitat, (2) an experimental study of habitat
preference in ammocoetes of the least brook lamprey, and (3) an experimental study of the
relationship between habitat availability and predation risk in ammocoetes. For the first study, we
quantified substrate selection in small (< 50 mm) and large (100 - 150 mm) ammocoetes of the
least brook lamprey. In aquaria, ammocoetes were given a choice to burrow into six equallyavailable substrate types: small gravel (2.36-4.75 mm), coarse sand (0.5-1.4 mm), fine sand
(0.125-0.5 mm), organic debris (approximately 70% decomposing leaves and stems, 15% silt, and
15% sand), an even mixture of silt, clay, and fine sand, and silt/clay (< 0.063 mm). Fine sand was
selected with a significantly higher probability than any other substrate. In the second study, we
experimentally examined the influence of habitat availability on predation risk of ammocoetes.
Ammocoetes were placed in aquaria containing a predator species (yellow bullhead, Ameiurus
natalis) and one of 3 substrates: fine sand (0.125-0.5 mm), coarse sand (0.5-1.4 mm), or silt/clay
(<0.063 mm). Use of the three substrate types was based on a previous experiment where fine
sand was determined to be the preferred benthic habitat of least brook lamprey. Based on 10 trials
with each habitat type, survival of ammocoetes was highest in aquaria with fine sand (mean =
80%), and lower in those with coarse sand (mean = 58%) and silt/clay (mean = 4%). The results
of both studies conducted indicate that populations of least brook lamprey ammocoetes may be
limited by the availability of fine sand habitat. The first study indicated that least brook lamprey
ammocoetes are habitat specialists, preferring substrates composed primarily of fine sand. The
second study showed that the availability of fine sand habitat may influence the predation risk of
ammocoetes, as ammocoete survival from predation was highest in fine sand, and lower in other
substrates.
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Chapter 1: Literature Review

This thesis examines habitat preference and the influence of habitat on predation of
larvae (ammocoetes) of the least brook lamprey (Lampetra aepyptera). The thesis comprises
three chapters: (1) an introduction and literature review on the general life history of lampreys
and on studies related to ammocoetes and their habitat, (2) an experimental study of habitat
preference in ammocoetes of the least brook lamprey, and (3) an experimental study of the
relationship between habitat availability and predation risk in ammocoetes. In general, the
ecology of lampreys is poorly understood with large information gaps, such as in our knowledge
of habitat selection and its correlation with susceptibility to predation. Also, the relationship
between habitat availability and ammocoete survival is poorly understood, and may be relevant to
the management and conservation of lamprey species given a potential link between habitat loss
and population declines.
Lampreys (Petromyzontidae) are a primitive group of fishes lacking jaws, scales, bone,
and paired fins (Nelson 2006). Lampreys go through two distinct life stages during their lifespan,
a larval or ammocoete phase and an adult phase (Moyle and Cech 2004). Ammocoetes inhabit
burrows in the soft substrate of streams, whereas adults eventually exit these burrows and spawn
at the head of riffles (Moyle and Cech 2004). Lampreys have an anguilliform or eel-like body
shape during both ammocoete and adult life phases, and adults are either parasitic or non-parasitic
(Nelson 2006). While adults of parasitic lampreys feed on blood and body fluids of host fishes,
non-parasitic lampreys do not feed during adulthood (Jenkins and Burkhead 1993). Although the
feeding habits of adult parasitic and non-parasitic forms differ, the ammocoetes of both groups
burrow into benthic substrates and filter feed on detritus, bacteria, and algae (Moore and Potter
1974; Malmqvist and Bronmark 1981; Mallatt 1983; Sutton and Bowen 1994).
[1]

Ammocoete Life Stage
All species of lampreys go through a distinct larval life stage lasting from 3-7+ years
(Purvis 1970; Hardisty and Potter 1971; Potter 1980; Beamish and Austin 1985; Burr and
Shasteen 2007). In both parasitic and non-parasitic lampreys, most of the lifespan is spent as an
ammocoete (Hardisty and Potter 1971; Potter 1980; Jenkins and Burkhead 1993; Moyle and
Cech 2004). The proportion of the lifespan spent as an ammocoete is greater for non-parasitic
lampreys, mainly because for these lampreys, life as adults is short, lasting only 3-6 months,
whereas 3-7+ years are spent as an ammocoete (Hardisty and Potter 1971; Beamish and
Medland 1988; Burr and Shasteen 2007). Parasitic lampreys spend the majority of their life as
ammocoetes, but have a longer adult stage lasting between 1 ½ - 2 ½ years (Hardisty and Potter
1971). Within 1-3 weeks after hatching, ammocoetes move to slow velocity marginal areas of
streams and burrow into the benthic substrate (Leach 1940; Dendy and Scott 1953; Moore and
Potter 1974; Malmqvist 1980; Potter 1980; Beamish and Jebbink 1994; Beamish and Lowartz
1996; Sugiyama and Goto 2001; Mundahl et al. 2006).
Ammocoetes spend most of their larval life burrowed into the benthic substrate of streams;
hence, benthic habitat is critical for ammocoete survival (Hardisty and Potter 1971; Beamish and
Jebbink 1994; Beamish and Lowartz 1996; Renaud 1997; Sugiyama and Goto 2002; Torgensen
and Close 2004; Mundahl et al. 2006). Ammocoetes live as suspension feeders in burrows
within the soft sediment and filter feed on detritus, bacteria, and algae from surrounding water
and substrate (Beamish and Austin 1985; Sutton and Bowen 1994; Beamish and Lowartz 1996).
Ammocoetes line burrow walls with mucus from their glandular endostyle, and depend on a
unidirectional flow of water through these burrows to receive food and uptake dissolved oxygen
(Beamish and Lowartz 1996). Therefore it is considered imperative that benthic substrate size be
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small enough to create adequate burrows, but not so small as to suffocate the ammocoetes and
make burrowing difficult (Beamish and Jebbink 1994; Beamish and Lowartz 1996).
Ammocoetes may abandon burrows at night to search for new or better quality habitat (Hardisty
and Potter 1971; Reynolds and Casterlin 1979; Potter 1980; Sugiyama and Goto 2002;
Torgensen and Close 2004; Quintella et. al 2005). Benthic stream substrates such as sand, silt,
organic matter, and clay, are thought by many researchers to comprise critical habitat for
ammocoetes. Not only is substrate type believed to be important for the feeding of ammocoetes,
it is also presumed integral in providing refuge for ammocoetes from potential predators
(Hardisty and Potter 1971). Given the importance of the substrate for foraging habitat and
refuge, it is likely that lampreys select specific types or combinations of substrates. The
conservation and management of lamprey species requires an understanding of substrate use,
given that lampreys are burrowing ammocoetes for most of their lifespan (Hardisty and Potter
1971; Moyle and Cech 2004).

Ammocoetes and Their Habitat
Given the importance of stream substrate, ammocoetes will likely select specific
substrates or a combination of substrates. The importance of benthic habitat for ammocoetes is
well documented in the literature. However, results of research studies are inconclusive with
respect to substrate preference. Some studies on the substrate selection of ammocoetes have
reported vague results or weak conclusions based on small sample sizes of observational data
and few studies have looked at the substrate selection in one of the most common species, the
least brook lamprey (Lampetra aepyptera).
Fine sediment particles, specifically clay and silt, are mentioned frequently in the
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literature, but results are inconsistent. Some authors have reported the importance of silt when
combined with sand (Reighard and Cummins 1916; Sugiyama and Goto 2002). For example,
Reighard and Cummins (1916) found larval northern brook lampreys (Ichthyomyzon fossor) in
an even mixture of sand and silt. However, the authors also noted that most ammocoetes of the
northern brook lamprey seemed to completely avoid clay substrates. Sugiyama and Goto (2002)
also concluded that ammocoetes in general most often utilize a mixture of fine sand and silt.
However, while some authors have reported the importance of silt, others have noted an
avoidance of substrates with an excess of silt (Beamish and Jebbink 1994; Beamish and Lowartz
1996). One main argument for this is that silt possibly suffocates ammocoetes by compacting
burrows (Beamish and Jebbink 1994; Beamish and Lowartz 1996; Renaud 1997; Torgensen and
Close 2004). Some authors also report clay as an important substrate for ammocoetes because its
adhesive properties maintain the integrity of ammocoete burrows (Hardisty and Potter 1971).
For instance, according to Hardisty and Potter (1971), optimal ammocoete habitat generally has a
large clay fraction. Their reason for believing clay to be important was because it creates “an
open structured sediment” thus allowing ammocoetes to create more adequate burrows. Other
authors however, argue that ammocoetes avoid clay (Reighard and Cummins 1916; Beamish and
Jebbink 1994; Beamish and Lowartz 1996; Renaud 1997; Torgensen and Close 2004). In a
laboratory study, Lee (1989) determined that ammocoetes of Petromyzon marinus and Lampetra
appendix avoided both clay and silt particles. In general, an overabundance of either silt or clay
particles could inhibit oxygen uptake in ammocoetes (Beamish and Jebbink 1994). Essentially,
an overabundance of clay and silt can inhibit oxygen uptake by clogging the gill lamellae
(Beamish and Lowartz 1996). Beamish and Lowartz (1996) also suggested that very small
particles, such as clay and very fine silt, compact into an impenetrable barrier for burrowers and
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for water to pass through.
Other authors have emphasized ammocoete selection of fine sand (Beamish and Jebbink
1994; Beamish and Lowartz 1996; Burr and Shasteen 2007). The particle size of fine sand is
small enough to make stable burrows and should not smother or suffocate the ammocoetes
(Beamish and Jebbink 1994; Beamish and Lowartz 1996). Burrow stability from fine sand-sized
particles provides good circulation of water through burrows allowing ammocoetes to acquire
adequate amounts of dissolved oxygen and consistent opportunities to filter feed (Beamish and
Jebbink 1994; Beamish and Lowartz 1996). Burr and Shasteen (2007) found least brook
lamprey ammocoetes at sites mainly comprised of fine sand (80 – 90 %). These data were based
on field collections done in the Shawnee National Forest in southern Illinois. In a laboratory
study, Lee (1989) determined that ammocoetes of Petromyzon marinus and Lampetra appendix
selected for fine and medium sands. In another study, ammocoetes of the American brook
lamprey (Lampetra appendix) most often selected substrates of medium/fine sand (Mundahl et
al. 2006). Leach (1940) also found that most northern brook lamprey ammocoetes occupied
substrates of fine sand. Another species noted to select fine and medium sand substrate was the
southern brook lamprey (Ichthyomyzon gagei) (Beamish and Jebbink 1994). Finally, Beamish
and Lowartz (1996) found a positive relationship between the density of American brook
lamprey ammocoetes and the amount of medium-fine sand. Drawing from their results, the
authors concluded that medium-fine sand is ideal for both burrowing and burrow construction
and probably allows for optimum flow of water through the substrate (Beamish and Lowartz
1996).
Some authors mention that coarser substrates could possibly be too heavy for larvae to
move (Beamish and Lowartz 1996). Results of Lee’s (1989) laboratory study supported this
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concept as he found ammocoetes of Petromyzon marinus and Lampetra appendix avoided coarse
sand substrate. Further, larvae of the southern brook lamprey also seemed to avoid substrates
with a large component of coarse sand (Beamish and Jebbink 1994). The authors speculated that
an overabundance of coarse sand could prevent construction of adequate burrows (Beamish and
Jebbink 1994).
Substrates with large quantities of organic matter are also sometimes documented as
critical habitat for ammocoetes (Leach 1940; Hardisty and Potter 1971; Yap and Bowen 2003).
Material found in organic matter, such as detritus, algae, and bacteria, comprise the main
component of an ammocoete’s diet, so it could represent important habitat (Hardisty and Potter
1971; Yap and Bowen 2003). Leach (1940) found most northern brook lamprey ammocoetes in
substrates with large quantities of organic debris. Hardisty and Potter (1971) also noted that
optimal ammocoete habitat would have large amounts of organic detritus. In another study, Burr
and Shasteen (2007) found the majority of least brook lamprey ammocoetes at sites with 10-20
% detritus. However, some authors suggest organic matter is not as important as has been
suggested (Beamish and Jebbink 1994; Sugiyama and Goto 2002). Sugiyama and Goto (2002)
concluded that organic matter was not a significant predictor for ammocoete presence or
abundance. Beamish and Jebbink (1994) also concluded that organic content did not
significantly affect abundance of southern brook lamprey ammocoetes. Although substances
found in organic matter (detritus and algae) make up a significant portion of the diet of
ammocoetes, Beamish and Jebbink (1994) concluded that the amount consumed may not be
large enough to play a factor in habitat selection.
A few studies have examined differences in substrate selection between different sizes of
ammocoetes or have simply mentioned relative field observations. The laboratory and field
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studies of Sugiyama and Goto (2002) revealed significant differences in substrate sizes selected
between small and large ammocoetes of the far eastern brook lamprey (Lethenteron reissneri).
Larger ammocoetes used substrates of a greater particle size (up to 17 mm) than smaller
ammocoetes. The larger ammocoetes also did not show a significant selection for any particular
substrate size but instead were distributed uniformly among all particle sizes. Small ammocoetes
selected substrates with a particle size between 0.125 mm and 1 mm. The authors suggested that
ammocoetes shift habitats between ages 1 and 2, with the small ammocoetes in their study
representing age 1 and large ammocoetes representing age 2 and older. Manion and McLean
(1971) mention that sea lamprey ammocoetes also exhibit this shift in substrate selection, noting
that larger ammocoetes occur in both fine and large particle size substrate. In a field study on
ammocoetes of the northern brook lamprey, Leach (1940) assumed segregation in ammocoetes
according to body length and substrate size. He reported small ammocoetes from “fine washed
sand” and larger ammocoetes from substrates rich in organic debris. Additionally, Seversmith
(1953) noted small least brook lamprey ammocoetes in substrates composed of clay/silt, while
ammocoetes presumably in their 2nd year or older selected substrates composed mainly of fine
sand. For a condensed view of all reviewed studies on ammocoete habitat selection, see Table
1.1.

Habitat Selection and Susceptibility to Predation
Ecological studies have addressed the relationship between habitat selection behavior and
survival in animals (Stein and Magnuson 1976; Sponaugle and Lawton 1990; Wahle and Steneck
1992; Haas et al. 2004). A literature search, however, revealed no published research on the
effects of available habitat type or habitat selection behavior of ammocoetes on the susceptibility
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to predation. Most ecological studies, however, have focused on how animals shift their habitat
selection when predators are present (Main 1987; Pierce 1988; Jordan et al. 1996; Turner and
Montgomery 2003). Another relevant focus area is how the type of habitat available can affect
ammocoete susceptibility to predation.
The topic of habitat selection and its effects on the lives of animals has been popular
among ecologists. Many studies have shown that habitat selection directly influences an
animal’s fitness (Stein and Magnuson 1976; Holomuzki 1986; Main 1987; Pierce 1988; Wahle
and Steneck 1992; Jordan et al. 1996; Railsback and Harvey 2002; Railsback et al. 2003; Haas et
al. 2004;). It is generally thought that animals should select habitats that facilitate maximum
growth (Holomuzki 1986; Railsback and Harvey 2002; Railsback et al. 2003). This should be no
different for the primitive ammocoete. After all, it is likely that the faster an ammocoete can
attain a large body size, the sooner it can metamorphose and subsequently reproduce. Both net
energy intake (growth) and mortality risks can influence habitat selection (Holomuzki 1986;
Railsback and Harvey 2002; Railsback et al. 2003). Therefore, ammocoete habitat quality is
likely dependent on how well they can feed and breathe, which is possibly dependent on
substrate particle size. An animal’s perception of habitat quality is also likely related to level of
protection from predators. Regardless of substrate type, burrowed ammocoetes are likely well
protected from most predators. However, ammocoetes may emerge if feeding and respiration
conditions are not adequate (Hardisty and Potter 1971). If so, then substrate sizes associated
with suboptimal feeding and respiration conditions could lead to increased ammocoete mortality.
This would occur if ammocoetes spent more time emerged searching for better habitat.
Therefore, it is possible that habitat type and habitat selection play an important role in predator
avoidance in ammocoetes.
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In summary, ammocoetes are thought to avoid substrates with extremely small particle
sizes, such as with clay or with excess silt. This is based mainly on the assumption that
substrates of these sizes could possibly obstruct the burrows of ammocoetes and therefore
suffocate or hinder the ability of ammocoetes to uptake dissolved oxygen and feed (Beamish and
Jebbink 1994; Beamish and Lowartz 1996). However, ammocoetes are also thought to avoid
large substrates of coarse sand and gravel, possibly owing to the difficulty in burrowing into
these substrates and in creating adequate burrows (Beamish and Jebbink 1994; Mundahl 2006).
Researchers have also indicated a positive relationship between substrate particle size and
ammocoete length (Leach 1940; Seversmith 1953; Potter 1980; Sugiyama and Goto 2002). It is
thought that as substrate particle size increases, the length of ammocoetes occupying those
substrates also increases (Leach 1940; Seversmith 1953; Potter 1980; Sugiyama and Goto 2002).
Finally, it is possible that the habitat selection choices made by ammocoetes may influence their
susceptibility to predators. If a substrate provides inadequate burrow stability and feeding
opportunities then ammocoetes may subsequently emerge at night to search for more optimal
habitat (Hardisty and Potter 1971). If this is the case, then in streams with an overabundance of
unsuitable habitat, ammocoetes could suffer inflated mortality rates from predation due to their
increased frequency of emergence in search of better habitat.
The following chapters include a laboratory study of substrate selection of ammocoetes
of the least brook lamprey and a study investigating the influence of habitat type on predator
avoidance in ammocoetes. Results for these studies are conditional based on substrate types
available and contribute to our understanding of substrate selection behaviors and the related
effects of those behaviors on lamprey ammocoetes.

[9]
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Table 1.1. Summary of past research on larval lamprey habitat selection. Substrates listed are those that previous
authors have noted or found to be most selected by larval lampreys.
Author

Year

Species

Substrate

Study Type

Reighard and Cummins
Leach
Seversmith
Dendy and Scott
Hardisty and Potter
Potter
Lee
Lee
Beamish and Jebbink
Beamish and Lowartz
Sugiyama and Goto
Yap and Bowen
Mundahl et al.

1916
1940
1953
1953
1971
1980
1989
1989
1994
1996
2002
2003
2006

Ichthyomyzon fossor
Ichthyomyzon fossor
Lampetra aepyptera
Ichthyomyzon gagei
Larval lampreys in general
Mordacia mordax
Petromyzon marinus
Lampetra appendix
Ichthyomyzon gagei
Lampetra appendix
Lethenteron reissneri
Ichthyomyzon fossor
Lampetra appendix

Silt/sand
Fine sand/organic sediment
Clay/silt/fine sand
Organic sediment
Clay/silt/organic sediment
Clay/silt
Medium/fine sand
Medium/fine sand
Medium/fine sand
Medium/fine sand
Fine sand/silt
Organic sediment
Medium/fine sand

Field Observations
Field Observations
Field Observations
Field Observations
Field Observations
Field Observations
Lab Experiment
Lab Experiment
Field Study
Field Study
Lab Experiment
Field Study
Field Study

Burr and Shasteen

2007

Lampetra aepyptera

Fine sand/organic sediment

Field Observations
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Selection and Preference of Benthic Habitat by Larval Lampreys

Abstract
Larval lampreys (ammocoetes) create burrows in the soft, benthic substrate of streams,
which serve as refuge and foraging habitat. Because of the importance of benthic substrates,
population declines of some lamprey species has been attributed to the alteration of stream
habitat. Many descriptions of ammocoete habitat, however, have been reported as secondary
observations, and few experimental studies have quantified habitat use, such as selection of
benthic substrate sizes. In this laboratory study, we quantified substrate selection by small (< 50
mm) and large (100 - 150 mm) ammocoetes of the least brook lamprey (Lampetra aepyptera).
In aquaria, ammocoetes were given a choice to burrow into six equally-available substrate types:
small gravel (2.36-4.75 mm), coarse sand (0.5-1.4 mm), fine sand (0.125-0.5 mm), organic
debris (approximately 70% decomposing leaves and stems, 15% silt, and 15% sand), an even
mixture of silt, clay, and fine sand, and silt/clay (< 0.063 mm). Fine sand was selected with a
significantly higher probability than any other substrate. Fine sand habitat is limited in many
streams, in part owing to geology, but also as a result of excessive clay and silt sedimentation – a
conservation concern. Our results indicate that ammocoetes of least brook lampreys are habitat
specialists that prefer fine sand habitat. Hence, availability of fine sand habitat may limit
distributions and population sizes.

Introduction
Other than the sea lamprey (Petromyzon marinus) little research exists on the habitat
requirements of lampreys despite worldwide declines of many species. Some researchers have
suggested habitat degradation as a possible cause for declines of lamprey populations (Renaud
1997; Close et al. 2002). Degradation of benthic habitat in streams is likely associated with
population declines because larval lampreys (ammocoetes) burrow in benthic habitats (Potter and
Bailey 1972; Beamish 1982; Beamish and Thomas 1984; Beamish and Medland 1988). Adult
lampreys construct nests and deposit eggs within high velocity areas of streams (Jenkins and
Burkhead 1993; Moyle and Cech Jr. 2004; Jang and Lucas 2005). Newly hatched ammocoetes

[14]

are eventually swept downstream and burrow into bottom substrate in low velocity areas
(Hardisty and Potter 1971; Jenkins and Burkhead 1993). As ammocoetes, lampreys require soft
substrate to burrow into and live out the larval stage (Applegate 1950; Hardisty and Potter 1971);
but benthic habitats of streams often contain several types of soft substrate, such as clay, silt, and
sand. Selection and preference of specific types of soft substrate by ammocoetes are poorly
understood, and further studies would be useful for management and conservation of lamprey
species in decline.
When an ammocoete burrows, mucous secreted from the endostyle solidifies sediment
particles of burrow walls (Sterba 1962, as cited in Hardisty and Potter 1971; Jenkins and
Burkhead 1993; Beamish and Lowartz 1996). Ammocoetes spend the majority of their lifetime
within burrows, pumping in water for respiration and filtering food (Hardisty and Potter 1971;
Malmqvist and Bronmark 1981; Mallatt 1983; Sutton and Bowen 1994). A stable burrow
facilitates successful breathing and feeding by allowing adequate flow of water to the
ammocoete (Hardisty and Potter 1971; Beamish and Jebbink 1994; Beamish and Lowartz 1996).
Several researchers have examined habitat of ammocoetes, and most emphasize the
importance of suitable bottom substrate (Hardisty and Potter 1971; Potter 1980; Beamish and
Jebbink 1994; Beamish and Lowartz 1996). Most studies conclude that soft sediment is
important, as well as organic matter (Hardisty and Potter 1971; Potter 1980). Some authors cite
clay as important, others specify silt, and still others have emphasized the importance of sand
(Hardisty and Potter 1971; Potter 1980; Beamish and Jebbink 1994; Beamish and Lowartz 1996;
Mundahl et al. 2006). The uncertainty of specific habitat use of ammocoetes may result, in part,
from observational studies with small sample sizes. Beamish and Lowartz (1996) identify this
problem by noting that most studies have examined habitat in only one stream. Most field
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studies do not really measure habitat preference because ammocoetes do not have a choice of
selecting from equally available habitat types. Given the limited scope and lack of control in
previous studies, there is an obvious need for experimental studies that allow for stronger
inference about selection of habitat by ammocoetes.
Little published research exists on substrate selection behavior by least brook lamprey
(Lampetra aepyptera). This is troublesome in that the least brook lamprey is one of the most
common species of lamprey in the Appalachian region of the United States, yet is a species in
decline. It is also unclear as to whether different size classes of ammocoetes select different
substrate types. Some researchers reported that smaller ammocoetes select finer substrates than
larger ammocoetes (Leach 1940; Seversmith 1953; Manion and McLean 1971; Beamish and
Jebbink 1994; Sugiyama and Goto 2002).
The objective of this aquaria-based experimental study was to examine habitat preference
and selection for or against habitat types by the least brook lamprey. A secondary objective of
this study was to assess differences in the substrate selection by small and large ammocoetes.

Methods
Ammocoete Collection
We collected ammocoetes of Lampetra aepyptera with a backpack electrofisher (SmithRoot, Inc.) in September and October 2007. Ammocoetes were separated into two size classes
for experimental use: small (< 50 mm) and large (100 – 150 mm). In the laboratory,
ammocoetes were held in two 379-L (100-gal) holding tanks through December 2007, and
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separated into metamorphosing ammocoetes and non-metamorphosing ammocoetes in January
2008 (Cochran 1989). Only non-metamorphosing ammocoetes were used for this study. All
ammocoetes were fed Brewer’s yeast throughout the study, as suggested by Murdoch et al.
(1991).

Aquaria Setup
Six 246-L (65-gal) glass aquaria (91.5 cm x 45.8 cm x 53 cm) were used for the substrate
selection study. A sequence pump (2.6 L/min) recirculated water from a 379-L sump to the
aquaria. Water quality was maintained with carbon filters, bio balls, and fresh water
substitutions. Water temperature varied from 15.1 – 16.7 ° C throughout the study. Photoperiod
was maintained with wide spectrum fluorescent plant bulbs and an electric timer (12 hr light, 12
hr dark). Three of these aquaria were used for small ammocoetes and three for large
ammocoetes. Within each aquarium, six plastic substrate containers (15 cm x 28 cm x 15 cm)
were filled with different types of substrate to 10 cm depth. Substrate was collected from study
streams and separated into size classes with U.S. standard test sieves #’s 4, 8, 14, 35, 120, and
230. The six substrate types were gravel (2.36-4.75 mm), coarse sand (0.5-1.4 mm), fine sand
(0.125-0.5 mm), silt/clay (< 0.063 mm), an even mixture of silt, clay, and fine sand, and lastly,
organic debris (approximately 70% decomposing leaves and stems, 15% silt, and 15% sand).
Clay and silt particles could not be partitioned by size, but were separated by texture using
USDA soil descriptions methods (USDA 2001).
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Experimental Design
An aquaria-based study examined substrate selection in the two size classes of Lampetra
aepyptera ammocoetes. Ten trials were conducted from 19 Feb to 29 Apr 2008. For each trial in
the small and large ammocoete studies, 10 individuals were released into each aquarium and
given a choice of six different substrate types of equal availability. By offering ammocoetes a
choice of six randomly-placed substrate types in equal proportions, we were able to examine
habitat selection and preference (Garshelis, D. L. 2000; Alldredge and Griswold 2006). Seven
days after releasing the ammocoetes, the substrate containers were removed from each aquarium,
and the total number of ammocoetes was counted within each substrate type.

Statistical Analysis
For this study, the log likelihood ratio test (G-test, Manly et al. 2002) was used to address
an initial question: Do ammocoetes select substrate at random and in proportion to availability?
We also wanted to know whether certain substrates were selected more or less than other
substrates. For this we calculated selection ratios for each substrate type and then subsequently
calculated Bonferroni confidence intervals for each (Manly et al. 2002). The selection ratio for a
given substrate type is the ratio of the proportion used to the proportion of availability (Manly et
al. 2002). A selection ratio close to 1 indicates no selectivity for a given habitat type. Large
selection ratios support selection for a habitat type, whereas small ratios indicate selection
against a habitat type (i.e., avoidance; Manly et al. 2002). Bonferroni confidence intervals (95
%) assessed statistical significance of selection ratios, where intervals of selection ratios or odds
ratios are considered significant if they do not contain the value of 1 (Manly et al. 2002).
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Additionally, we conducted pairwise comparisons between selection ratios using Bonferroni
confidence intervals (Manly et al. 2002). For statistical analysis, data for gravel and silt/clay
were pooled because of the low occurrence of ammocoetes in these substrate types. Without
pooling, data would not have met the minimum expected cell count of 6 for the chi-squared
distribution (Manly et al. 2002).
We used a Pearson chi-squared test to determine if small and large ammocoetes differed
significantly in selection of at least one substrate type. Given a significant result from the
Pearson chi-squared test, we then calculated odds ratios from a multinomial logit model to
examine differences in substrate selection between small and large ammocoetes (Hosmer and
Lemeshow 2000). Odds ratios were estimated for each habitat type, but one habitat category was
required as a “reference category,” and we designated the fine sand habitat for reference. In our
case, an odds ratio of 2.0 for one habitat category indicates that large ammocoetes are 2 times
more likely than small ammocoetes to select that category over the reference category of fine
sand (Hosmer and Lemeshow 2000). For instance, if the chances of a large ammocoete selecting
a certain substrate over fine sand were 1 to 25 (i.e., 0.04) and the chances of a small ammocoete
selecting a certain substrate over fine sand were 1 to 50 (i.e., 0.02) then this translates to large
ammocoetes being 2 times more likely to select that substrate over fine sand than small
ammocoetes (i.e.. 0.04/0.02 = 2), even though the chances of an ammocoete selecting a substrate
other than fine sand are small. We then calculated Wald confidence intervals for odds ratios to
test for differences between substrate types of small and large ammocoetes, where intervals were
significant when not containing the value 1 (Hosmer and Lemeshow 2000).
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Results
Small Ammocoete Habitat Selection
Small ammocoetes did not select substrate at random or in proportion to availability (Gtest; p < 0.001). Of six available habitat types, fine sand was selected by 164 of 300 (54.7%)
small ammocoetes (Figure 2.1). Organic debris was selected by 92 (30.7%) small ammocoetes
(Figure 2.1). With 84.5 % selecting either fine sand or organic debris, the remaining habitat
types of coarse sand (n=27), gravel (9), silt/clay/sand mixture (8), and silt/clay (0) were rarely
chosen by small ammocoetes (Table 2.1). This pattern of habitat selection can also be visualized
by plotting median number of small ammocoetes in each habitat type for the 10 trials, where
median values were highest for fine sand followed by organic debris (Figure 2.2). Selection
ratios of habitat types and their associated 95 % Bonferroni confidence intervals indicated
significant selection for fine sand and organic debris and significant selection against coarse
sand, silt/clay/sand mixture, and the pooled gravel and silt/clay category (Table 2.2). Pairwise
comparisons revealed that fine sand was selected with significantly higher probability than any
other substrate, including organic debris (Table 2.3). In contrast, the pooled gravel and silt/clay
category and the silt/clay/sand mixture were avoided with significantly higher probability than
any other substrate.

Large Ammocoete Habitat Selection
For large ammocoetes, the six substrate types were not selected at random or in
proportion to availability (G-test; p < 0.001). Of a total of 300 large ammocoetes, the number
and percentage of highest habitat usage were fine sand (149, 49.7%), organic debris (76, 25.3%),
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and coarse sand (53, 17.7%) (Table 2.1; Figure 2.1). Few individuals used the remaining habitat
types of gravel (n = 0), silt/clay/sand mixture (19), and silt/clay (3) (Table 2.1). This pattern of
differential selection among habitat types is also supported by the median number of individuals
in each habitat type for the 10 trials, where median values were highest for fine sand followed by
organic debris (Figure 2.3). Selection ratios of habitat types and their associated 95 % Bonferroni
confidence intervals indicated significant selection for fine sand and organic debris and
significant selection against the silt/clay/sand mixture and the pooled gravel and silt/clay
category (Table 2.2). The selection ratio of coarse sand (1.06) was close to 1.0, indicating no
selectivity of large ammocoetes for this habitat type. Pairwise comparisons revealed that fine
sand was selected with significantly higher probability than any other substrate category,
including organic debris (Table 2.3). Organic debris was selected with significantly higher
probability than gravel, silt/clay, and the silt/clay/sand mixture but was not significant from
coarse sand. In contrast, the pooled gravel and silt/clay category was avoided with significantly
higher probability than any other substrate. Pairwise comparisons of coarse sand versus organic
debris and coarse sand versus silt/clay/sand mixture were not significant.

Small versus Large Ammocoete Habitat Selection
The Pearson chi-squared test indicated that small and large ammocoetes differed
significantly (p 0.0008) in selection of at least one habitat type. The odds ratios and Wald
confidence intervals indicated a significant effect of ammocoete size on selection for coarse sand
and silt/clay/sand mixture (Table 2.4). Because coarse sand and silt/clay/sand mixture were not
significantly selected by either small or large ammocoetes, the importance of this difference in
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habitat selection between size classes is questionable. However, almost twice the number of
large ammocoetes (53 of 300) selected coarse sand when compared to the same ratio of small
ammocoetes (27 of 300).

Discussion
In this study, small and large ammocoetes of the least brook lamprey were habitat
specialists based on their primary preference for fine sand and their secondary preference for
habitat with 70% organic debris. Our findings are conditional on six habitat types, but these
types were selected based on the range of habitats expected from relatively undisturbed to
severely impacted streams. However, habitat selection in the field may be somewhat more
complicated than is represented through this study. Although we chose substrates representing a
range of stream conditions, other factors such as the slope of the stream bottom and water current
may also influence habitat selection (P. Cochran, St. Mary’s University of Minnesota, personal
communication). Nevertheless, based on the six substrate types used for this study, small and
large ammocoetes selected substrate nonrandomly and disproportionately to availability.
Although our study provided habitat types in equal availability (a necessary design to document
preference), the availability of fine sand and organic habitat in streams is influenced, in part, by
land use within the watershed. Land development and alteration, reduction of riparian zones,
and other causes of stream sedimentation may have important effects on least brook lamprey
populations. In our study, small and large lampreys selected against habitat types with high clay
or silt content, and these habitat types are increased to unnatural levels by human-induced stream
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sedimentation. Channelization is another influence that can reduce fine sand habitat via
reduction in stream sinuosity conducive to formation of fine sand beds.
Benthic habitat in streams is essential for lamprey ammocoetes, given that much of their
lives are spent burrowed in the bottom substrate (Seversmith 1953; Hardisty and Potter 1971;
Potter and Bailey 1972; Potter 1980; Beamish 1982; Jenkins and Burkhead 1993). Not only do
they require adequate substrate to feed and breathe properly, but substrate also serves as a refuge
from predators (Hardisty and Potter 1971; Potter 1980; Renaud 1997; Close et al. 2002; Kearn
2004). Several studies have identified the importance of specific substrate particle sizes in
allowing ammocoetes to construct stable, yet unobstructed burrows (Beamish and Jebbink 1994;
Beamish and Lowartz 1996). Small particles, such as clay, have the propensity to compact,
which can have several negative consequences for ammocoetes (Beamish and Jebbink 1994;
Beamish and Lowartz 1996). Initially, ammocoetes could have difficulty burrowing into
compact clay (Beamish and Lowartz 1996). If ammocoetes manage to burrow into clay, their
burrow openings could become compacted with reduced or complete loss of water flow for
respiration and feeding. Also, an excess of small particles such as clay and silt could inhibit
oxygen uptake by ammocoetes (Beamish and Jebbink 1994; Beamish and Lowartz 1996).
Several studies have identified clay and silt as being unsuitable ammocoete habitat
(Reighard and Cummins 1916; Beamish and Jebbink 1994; Beamish and Lowartz 1996;
Mundahl et. al 2006). Alternatively, other studies have reported clay and silt as important
ammocoete habitat. Hardisty and Potter (1971) proposed that clay and silt were essential for
high quality ammocoete habitat. They suggested that substrates with a large clay fraction had an
"open structured sediment" thus allowing for more adequate burrows. Potter (1980) determined
that larvae of Mordacia mordax were more common in sites where clay and silt comprised 25 %
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of the substrate versus a site where clay and silt only composed 1 %. Possibly, some
interspecific differences exist in habitat requirements; hence, our findings of habitat use in least
brook lamprey may differ from those of studies of other species. Also, many conclusions
concerning habitat use in ammocoetes are based on observational studies with small sample
sizes. Inference from our experimental study indicates that clay and silt are not preferred habitat
for ammocoetes of least brook lamprey, and these habitats were avoided when they were given a
choice of alternative habitat types.
Bottom substrates must be composed of particle sizes that allow for both stable burrows
and good water circulation for respiration and feeding. Fine sand is probably ideal for burrowing
and burrow construction (Beamish and Jebbink 1994; Beamish and Lowartz 1996), and was the
preferred substrate in our study for small and large ammocoetes of least brook lamprey. Fine
sand also probably allows for optimum flow of water and thus optimum feeding and breathing
(Beamish and Jebbink 1994; Beamish and Lowartz 1996). Some studies have reported fine sand
or medium fine sand as optimal ammocoete habitat (Seversmith 1953; Potter et al. 1986; Lee
1989; Beamish and Jebbink 1994; Beamish and Lowartz 1996; Jellyman and Glova 2002;
Sugiyama and Goto 2002; Mundahl et al. 2006; Burr and Shasteen 2007). It is also one of the
few substrates that has not been reported as being avoided or as being an insignificant predictor
of ammocoete presence or abundance.
Our study also documented selection against benthic substrate with larger particle sizes.
We found selection against gravel by large and small ammocoetes. Coarse sand was
significantly selected against by small ammocoetes, but was neither selected for or against by
large ammocoetes. Large particles such as very coarse sand and small gravel could be too heavy
for ammocoetes to move, thus making it difficult to penetrate (Beamish and Jebbink 1994;
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Beamish and Lowartz 1996). If ammocoetes do burrow into a substrate of large particles, their
burrows may be prone to collapsing. Mucous secretions used to hold burrows together may not
be adequate for binding larger particles (Beamish and Jebbink 1994; Beamish and Lowartz
1996). Burrow collapse would lead to decreased respiration and feeding efficiency. Several other
studies have identified large particles such as coarse sand and gravel as being inappropriate for
ammocoetes (Manion and McLean 1971; Lee 1989; Beamish and Jebbink 1994; Sugiyama and
Goto 2002; Mundahl et. al 2006). In our study, coarse sand habitat was used by a moderate
number of large ammocoetes and may serve as an alternative habitat if fine sand and organic
debris are unavailable.
The association of ammocoetes and organic debris is possibly linked to foraging.
Ammocoetes filter feed on items such as detritus, bacteria, and algae. The importance of organic
matter in habitat selection by ammocoetes has been debated. Many researchers believe that
organic matter, an important component of an ammocoete’s diet, has a significant effect on
habitat selection in ammocoetes. Several studies have identified organic matter as a significant
predictor of ammocoete presence or abundance (Leach 1940; Hardisty 1944; Dendy and Scott
1953; Hardisty and Potter 1971; Potter et. al 1986; Beamish and Lowartz 1996; Yap and Bowen
2003; Burr and Shasteen 2007). Other studies have found no evidence for organic matter as a
predictor of ammocoete presence or abundance (Malmqvist 1980; Beamish and Jebbink 1994;
Sugiyama and Goto 2002). In our study, organic debris likely stored the greatest quantity of
food for ammocoetes, but it was not selected as often as fine sand. Beamish and Jebbink (1994)
suggested that ammocoetes consume such a small amount of food items associated with organic
debris that it may have little impact on their habitat selection. Therefore, it is entirely possible
that enough organic material was in the water column for ammocoetes to select the more suitable
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substrate of fine sand and still obtain adequate amounts of food. Also, the organic debris
substrate was mixed with approximately 15% sand and 15% silt, and we are uncertain if this
influenced ammocoete selection of this habitat. Organic debris is often distributed as a layer on
top of other stream substrates, so additional habitat selection experiments should examine
substrate types overlain by a layer of organic debris.
Ammocoetes that burrow in unsuitable habitat may emerge at night in search of optimal
substrates (Hardisty and Potter 1971; Reynolds and Casterlin 1979; Potter 1980; Torgensen and
Close 2004; Quintella et al. 2005). Some general observations during our experimental study
support this behavior, as ammocoetes released into aquaria attempted to burrow into the first
substrate randomly encountered and subsequently many ammocoetes switched habitat between
the time of initial burrowing and the end of trials. A pilot study was conducted previous to this
experiment to identify any density related effects on habitat selection. The pilot study indicated
that as many as 20 large ammocoetes would burrow into a substrate container filled with fine
sand and not switch habitats. Therefore, given the low sample size per aquaria for each trial
(n=10), we do not believe that habitat switching was associated with achieving an ideal free
distribution (Fretwell and Lucas 1969). In addition, during stream sampling for ammocoetes,
individuals were often observed within fine sand habitat in slow velocity areas of streams. Thus,
it is probable that if ammocoetes burrowed randomly into a substrate other than fine sand
initially, they may have emerged from that substrate because of an inability to sufficiently feed
and respire.
Although small and large ammocoetes did not differ significantly in their use of organic
debris, large ammocoetes used coarse sand habitat (53 of 300) and clay/silt/sand mixture (19 of
300) at nearly twice the rate than that of small ammocoetes (27 of 300 and 8 of 300,
[26]

respectively). Our data indicate that small ammocoetes are narrower habitat specialists given
their higher percentages of use for fine sand and organic debris, and their low use of coarse sand,
clay/silt/sand mixture, and silty clay. A few studies have commented on differences in habitat
selection by different sizes of ammocoetes. In the study by Sugiyama and Goto (2002) small (<
50 mm) ammocoetes of Lethenteron reissneri selected fine sand substrates, whereas large (100 150 mm) ammocoetes did not significantly select a certain substrate, but were instead uniformly
distributed throughout habitats of different particle sizes. Manion and McLean (1971) noted an
ontogenetic shift in habitat use by ammocoetes of Petromyzon marinus, by which sand/silt
habitat was used for the first 2 years of life before a change to larger substrates with a greater
proportion of detritus. Leach (1940) observed that ammocoetes of Ichthyomyzon fossor appeared
to be segregated according to body length and substrate size, with smaller ammocoetes occurring
in fine sand and larger ammocoetes occurring in larger substrates rich in organic debris. Finally,
Seversmith (1953) noted an ontogenetic habitat shift by Lampetra aepyptera ammocoetes, by
which first and second year ammocoetes used fine sand and third year ammocoetes shifted to
coarser sand. He also noted that in late winter and early spring, older ammocoetes occupied
substrates with large amounts of organic material.
In conclusion, our study demonstrates a habitat preference for fine sand by small and
large ammocoetes of the least brook lamprey, and these findings have conservation implications.
In recent years, lamprey populations have declined possibly due to habitat degradation (Jenkins
and Burkhead 1993; Renaud 1997; Close et al. 2002; Moyle and Cech Jr. 2004). Lampreys go
through distinct life phases with different habitat needs (Jenkins and Burkhead 1993; Renaud
1997; Kearn 2004; Moyle and Cech Jr. 2004). Adult least brook lampreys require streams with
clean gravel riffles for successful spawning, but larval lampreys have completely different
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habitat needs due to their burrowing lifestyle (Hardisty and Potter 1971; Jenkins and Burkhead
1993; Renaud 1997). If we wish to conserve populations of least brook lamprey, steps should be
taken to preserve existing fine sand habitat in streams supporting lamprey populations. To do
this, effects from certain anthropogenic activities that degrade and reduce fine sand habitat must
be minimized, such as sedimentation and channelization. Stream sedimentation leads to
artificially high amounts of clay and silt particles, which then can blanket and reduce the amount
of high quality fine sand habitat (Jenkins and Burkhead 1993; Kohler and Hubert 1999). Stream
channelization reduces the number of natural meanders, which are critical for the creation of fine
sand beds (Jenkins and Burkhead 1993; Kohler and Hubert 1999; Close et al. 2002). By
reducing the occurrence and magnitude of sedimentation and channelization, we can help
preserve fine sand habitat, which may be critical for the persistence of least brook lamprey
populations.
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Table 2.1. Total number and percentage of small and large ammocoetes selecting each habitat

Small ammocoetes
Habitat
Silt/clay
SCS mix
Fine sand
Coarse sand
Gravel
Organic debris

# of Ammocoetes
0
8
164
27
9
92

Large ammocoetes
% of Ammocoetes
0.0
2.7
54.7
9.0
3.0
30.7

# of Ammocoetes
3
19
149
53
0
76

% of Ammocoetes
1.0
6.3
49.7
17.7
0.0
25.3

Table 2.2. Habitat selection ratios +/‐ 95% CI for small and large ammocoetes
Small ammocoetes

Large ammocoetes

Selection
Selection
Habitats
Ratios
Lower CI Upper CI
Ratios
Lower CI Upper CI
Gravel+silt/clay
0.09
0.008
0.172
*
0.03
0
0.074
SCS mix
0.16
0.034
0.286
*
0.38
0.12
0.64
Fine sand
3.28
2.747
3.813
**
2.98
2.661
3.299
Coarse sand
0.54
0.308
0.772
*
1.06
0.545
1.575
Organic debris
1.84
1.299
2.381
**
1.52
1.064
1.976
* Significant selection against habitat. **Significant selection for habitat. ns not significant
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*
*
**
ns
**

Table 2.3. Pairwise comparisons with Bonferroni 95 % CIs of habitat selection for small and large
ammocoetes.
Small ammocoetes

Habitat comparison
Coarse sand vs. fine sand
Gravel+silt/clay vs. fine sand
SCS mix vs. fine sand
Organic debris vs. fine sand
Coarse sand vs. organic debris
Gravel+silt/clay vs. organic debris
SCS mix vs. organic debris
Coarse sand vs. SCS mix
Gravel+silt/clay vs. SCS mix
Coarse sand vs. gravel+silt/clay
* significant. ns not significant

Lower CI
‐3.465
‐3.779
‐3.676
‐2.572
‐1.928
‐2.375
‐2.329
0.041
‐0.238
0.195

Upper CI
‐2.015
‐2.601
‐2.564
‐0.308
‐0.672
‐1.125
‐1.031
0.719
0.098
0.705

Large ammocoetes

*
*
*
*
*
*
*
*
ns
*

Lower CI
‐2.66
‐3.315
‐3.043
‐2.16
‐1.414
‐1.981
‐1.744
‐0.055
‐0.622
0.455

Upper CI
‐1.18
‐2.585
‐2.157
‐0.76
0.494
‐0.999
‐0.536
1.415
‐0.078
1.605

Table 2.4. Odds ratios and 95 % Confidence Intervals (CI) for small vs. large ammocoete habitat
selection.
Habitat type
Gravel+silt/clay
Coarse sand
Organic debris
SCS mix
* significant. ns not significant

Odds ratios
0.37
2.2
0.9
2.63

Lower CI
0.10
1.30
0.61
1.11
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Upper CI
1.39
3.71
1.31
6.24

ns
*
ns
*

*
*
*
*
ns
*
*
ns
*
*
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Figure 2.1. Percentages of small (< 50 mm) and large (100 – 150 mm) ammocoetes that selected
each equally-available habitat type. “SCS Mix” indicates the silt/clay/sand mixture habitat.
Dark bars represent the % of small ammocoetes, while white bars represent the % of large
ammocoetes.
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Figure 2.2. Median numbers (smallest observation, lower quartile, upper quartile, and largest
observation) per trial of small ammocoetes that selected each of six equally-available habitat
types. “SCS mix” represents the silt/clay/sand mixture. Open circles represent influential
observations (outliers).
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Figure 2.3. Median numbers (smallest observation, lower quartile, upper quartile, largest
observation) per trial of large ammocoetes that selected each of six equally-available habitat
types. “SCS mix” represents the silt/clay/sand mixture. Open circles represent influential
observations (outliers).
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Chapter 3: The influence of habitat availability on predation risk in larval lampreys

Abstract
Stream sedimentation and channelization alter benthic habitat and impact fish
populations through loss of refuge habitat and associated increase in predation risk.
Understanding links among predation risk, habitat availability, and habitat stressors may be
critical for management and conservation of declining species, such as lampreys
(Petromyzontidae) with burrowing larvae (ammocoetes) that are benthic habitat specialists. We
experimentally examined the influence of habitat availability on predation risk of ammocoetes of
the least brook lamprey (Lampetra aepyptera). Ammocoetes were placed in aquaria containing a
predator species (yellow bullhead, Ameiurus natalis) and one of 3 substrates: fine sand (0.1250.5 mm), coarse sand (0.5-1.4 mm), or silt/clay (< 0.063 mm). Based on 10 trials with each
habitat type, survival of ammocoetes was highest in aquaria with fine sand (mean = 80%) and
lower in those with coarse sand (mean = 58%) and silt/clay (mean = 4%). Based on
experimental results, ammocoetes may bear elevated predation risk in streams with silt/clay
sedimentation. Predation risk of ammocoetes may also be increased in benthic habitats with
larger substrates (coarse sand or larger sizes), such as those expected in channelized streams.

Introduction
Benthic habitat provides important refuge areas for many stream fishes but is commonly
altered by anthropogenic stream sedimentation and channelization. Lamprey populations are
likely impacted by stream alterations, given that larvae (ammocoetes) burrow into benthic
substrates for refuge and foraging habitat (Hardisty and Potter 1971; Potter 1980; Jenkins and
Burkhead 1993; Moyle and Cech Jr. 2004). Once an ammocoete burrows into benthic substrate,
mucus from its endostyle lines and supports the burrow by holding sediment particles in place
(Sterba 1962; Hardisty and Potter 1971; Jenkins and Burkhead 1993; Beamish and Lowartz
1996). Ammocoetes rarely leave burrows in preferred habitat (Sterba 1962; Hardisty and Potter
1971; Quintella et a. 2005), where a stable burrow facilitates successful feeding and breathing by
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allowing an adequate flow of water (Hardisty and Potter 1971; Malmqvist and Bronmark 1981;
Beamish and Jebbink 1994; Beamish and Lowartz 1996). Stream degradation by sedimentation
or channelization reduces availability of preferred benthic habitats of fine sand (Smith 2009).
Further, smaller substrate sizes associated with sedimentation or larger substrates from
channelization could inhibit burrow construction and cause burrow instability and abandonment.
For benthic habitat specialists, such as larval lampreys, loss of refuge habitats impact
populations in several ways, including increased risk of predation. Adult lampreys construct
nests and spawn in gravel substrate of stream riffles (Hardisty and Potter 1971; Jenkins and
Burkhead 1993; Moyle and Cech Jr. 2004; Jang and Lucas 2005). Newly hatched ammocoetes
eventually leave the nest and are swept downstream until burrowing into the bottom in areas of
low water velocity (Hardisty and Potter 1971; Potter 1980; Jenkins and Burkhead 1993; Moyle
and Cech Jr. 2004). Predation is highly probable during downstream drift but is less likely after
ammocoetes burrow into benthic substrate. If preferred areas of fine sand habitat are covered by
silt/clay sedimentation or removed by the armoring effect of channelization, then ammocoetes
may spend more time searching for optimal habitat, leading to increased predation risk.
In a previous experimental study, ammocoetes selected and preferred fine sand habitat
over several alternatives (Smith 2009). In addition, ammocoetes avoided gravel, silt, and clay.
Small ammocoetes (< 50 mm) avoided coarse sand, while large ammocoetes (100 – 150 mm)
neither selected nor avoided coarse sand. Causal factors of habitat selection by ammocoetes are
unclear, but possibly relate to burrow stability, feeding efficiency, and respiration. Ammocoetes
may emerge from substrate at night in search of better habitat, particularly if their current burrow
habitat is suboptimal (Hardisty and Potter 1971; Reynolds and Casterlin 1979; Potter 1980;
Sugiyama and Goto 2002; Torgensen and Close 2004; Quintella et. al 2005). If so, then
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ammocoetes may increase their vulnerability to predation. Based on our literature review, we
focused research efforts on the relationship between habitat availability and predation risk in
larval lampreys. Specifically, we predicted that burrow abandonment at night in response to
suboptimal (nonpreferred) habitat would increase predation risk of larval lampreys.
The relationship between habitat availability and predation is previously undocumented
for larval lampreys but may be critical to the management and conservation of lamprey
populations. Stream sedimentation is a leading cause of stream habitat degradation (Kohler and
Hubert 1999) and may be linked to loss of preferred habitat and diminished lamprey populations.
Also, stream channelization alters habitat by increasing water flow and the size of benthic
substrate, as well as reducing slow-velocity depositional areas and fine sand habitat (Kohler and
Hubert 1999). Habitat alteration is often assumed to influence fish populations, but experimental
studies are needed for strong inference. The objective of this study was to test for differences in
predation on least brook lampreys in preferred and non-preferred habitat types.

Methods
Aquaria setup
For this study, we used six 246 L (65 gal.) glass aquaria (91.5 cm x 45.8 cm x 53 cm);
three treatment tanks and three control tanks. A sequence pump (2.6 L/min) recirculated water
from a 379 L sump to the aquaria. Water quality was maintained with carbon filters, bio balls,
and fresh water substitutions. Water temperature varied from 15.1 – 16.7 °C throughout the
study. Photoperiod (12 hr light, 12 hr dark) was maintained with wide spectrum fluorescent
plant bulbs and an electric timer.
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Each aquarium contained a single substrate type (10 cm deep) in one large plastic
container (90 cm x 44 cm x 15 cm). We chose three substrate habitat categories based on results
from a previous experiment on habitat selection in large ammocoetes (Smith 2009), in which fine
sand was the preferred substrate, coarse sand was not selected for or against, and silt/clay
substrate was selected against. Fine sand, coarse sand, and silt/clay were the highest,
intermediate, and least selected substrate types from the habitat selection experiment. Fine sand
(0.125 – 0.5 mm) was placed in one treatment tank and one control tank, coarse sand (0.5 – 1.4
mm) in one treatment tank and one control tank, and clay/silt (< 0.063 mm) in one treatment tank
and one control tank.

Experimental Design and Analysis
This study was designed to examine the relationship between substrate availability and
predation on large ammocoetes (100 – 120 mm) of least brook lamprey. In each of the six
aquaria, 20 ammocoetes were released at the beginning of each trial. After allowing 24 hours for
ammocoetes to burrow into the substrate, we released 2 adult yellow bullheads (Ameiurus
natalis) (293 – 319 mm TL) into each treatment tank. The bullheads were fed ad libidum in
captivity, but starved for 2 days before release into treatment tanks. Bullheads were not placed
in control aquaria. Six days after the release of bullheads into treatment tanks, substrate trays
were removed from three treatment and three control tanks and the number of surviving
ammocoetes were counted from each tank. This process was conducted 10 times for a total of 10
trials from 23 July 2008 to 1 October 2008. The ratio of the initial to final counts of individuals
is an estimate of survival and served as a proxy for predation risk. Given the short duration of
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our experimental trials, we assumed that the absence of lampreys after each trial represented
mortality associated with predation. We used binomial logistic regression to calculate odds
ratios for the survival of ammocoetes in different habitats and tested if odds ratios of survival
differed significantly between different substrate types (Dobson and Barnett 2008). A
Bonferroni correction was applied to account for 3 separate comparisons making the individual
comparison alpha equal to 0.05/3 (0.016). This allowed the familywise alpha to be set to 0.05.
In addition, confidence intervals (95 %) were calculated for the odds ratios.

Results
Survival of 20 ammocoetes in each of 10 trials ranged from 10 to 20 individuals in the
aquarium with fine sand, 5 to 18 in coarse sand, and 0 to 2 in silt/clay (Figure 3.1). With data
from the 10 trials pooled, survival rates of ammocoetes were highest for fine sand (mean = 80 %)
followed by those of coarse sand (mean = 58 %) and clay/silt (mean = 4 %) (Figure 3.2, Table
3.1). Survival of ammocoetes was 100 % in all control tanks.
Based on the binomial logistic regression model, ammocoete survival differed
significantly between each pair of substrate types (Table 3.2). Further, the odds ratio for fine
sand vs. clay/silt was 142.72, indicating that ammocoetes were over 142 times as likely to
survive in fine sand vs. clay/silt (Table 3.2; Dobson and Barnett 2008). Ammocoetes were 43
times as likely to survive in coarse sand vs. clay/silt, and 3 times as likely to survive in fine sand
vs. coarse sand (Table 3.2). Confidence intervals calculated for odds ratios also indicated
significance for all habitat comparisons by the exclusion of zero in the intervals (Table 3.3).
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A few observational results supplement the experimental findings. First, ammocoetes
successfully burrowed into silt/clay, fine sand, and coarse sand habitats in aquaria. Depth and
shape of burrows were not quantified, but we observed slower burrowing times for silt/clay
relative to sand habitats. Ammocoetes were most often outside of burrows at night, where
observations of ammocoete activity were assisted by flashlight or video camera with an infrared
illuminator. Catfish depredation of swimming ammocoetes was observed, but catfish were never
observed rooting in the substrate, nor was there any sign of this type of activity (i.e. increased
turbidity or disturbed substrate). Ammocoetes were observed swimming in the water column of
tanks with silt/clay and coarse sand substrates, but not in those with fine sand substrate.

Discussion
Our study demonstrated a predation-induced decrease in ammocoete survival when
benthic substrate was too small (silt/clay, mean survival of 4%) or too large (coarse sand, mean
survival of 58%) relative to the preferred substrate of fine sand (mean survival of 80%). This is
likely linked to substrate size and its influence on the construction and stability of burrows.
Ammocoetes within burrows are protected from most predators, but ammocoetes are expected to
spend more time outside of burrows when optimal burrow habitat is limited or unavailable.
Hence, the probability of predation risk increases when preferred habitat is unavailable. Our
laboratory results are likely transferable to stream systems. The availability of fine sand habitat
is often reduced in altered streams, with an increase in silt/clay substrate associated with stream
sedimentation and an increase in larger substrates in channelized streams.
Fine sand habitat preferred by ammocoetes is likely to be patchy owing to depositional
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patterns of stream systems (Komar and Carling 1991; Powell 1998) and will be limited in some
streams that are not degraded. Availability of fine sand habitat is controlled, in part, by geology,
and often increases with stream size. However, ammocoetes of Lampetra aepyptera often occur
in smaller streams, where preferred habitat is limited and could be reduced by minimal
sedimentation or channelization. If our laboratory results transfer to stream settings, then
predation could cause dramatic declines in lamprey populations within degraded streams.
Although we demonstrated a relationship between habitat availability and predation risk in least
brook lamprey, the results may not be applicable to other species of lamprey.
Many studies have shown that habitat selection directly influences an animal’s fitness
(Stein and Magnuson 1976; Pierce 1988; Main 1987; Wahle and Steneck 1992; Jordan et al.
1996; Smith and Smith 2001; Haas et al. 2004), including growth and survival (Holomuzki 1986,
Railsback and Harvey 2002; Railsback et al. 2003). Ammocoetes may choose fine sand habitat
for its construction properties in building stable burrows (Beamish and Jebbink 1994; Beamish
and Lowartz 1996). Stable burrows facilitate growth through successful filter-feeding and
respiration by allowing an adequate flow of water. Reduced risk of predation resulting from
remaining in a burrow is likely an artifact from selection of optimal burrow habitat. If an
ammocoete’s ability to feed or respire successfully becomes inhibited due to an inability to
construct and maintain an adequate burrow, it might be prompted to emerge at night to search for
better substrate (Hardisty and Potter 1971; Quintella et al. 2005). It is during this emergence to
search for habitat that ammocoetes most likely succumb to predation. Therefore, ammocoetes
may experience higher survival in fine sand habitat simply because they are not forced to emerge
as often to search for appropriate substrate.
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Silt/clay habitat was associated with the highest predation risk in our study. We
attributed this to burrow abandonment within suboptimal (nonpreferred) benthic habitats.
Ammocoetes were able to burrow into silt/clay habitat, but possibly were unable to either
maintain burrows or adequately respire and feed. Clay and silt are very fine particles that may
clog the gill lamellae of ammocoetes (Beamish and Jebbink 1994; Beamish and Lowartz 1996;
Close et al. 2002). In addition, clay compaction may block ammocoete burrows and restrict flow
of water and food (Beamish and Jebbink 1994; Beamish and Lowartz 1996). Another negative
consequence associated with silt/clay habitat is the difficulty in initial burrowing for
ammocoetes. The compactness of silt/clay substrates lengthens burrowing time. For
ammocoetes trying to evade capture, predation risk increases with time necessary to complete a
burrow.
Larger particles like coarse sand may inhibit construction and maintenance of burrows
(Beamish and Jebbink 1994; Beamish and Lowartz 1996), particularly for smaller ammocoetes
(Smith 2009). Burrows in coarse sand could be prone to collapse, because stability of mucussupported burrow walls is expected to decline as particle size increases (Beamish and Jebbink
1994; Beamish and Lowartz 1996). Smith (2009) found that large ammocoetes (100 – 150 mm)
did not select or avoid coarse sand, but smaller ammocoetes (< 50 mm) avoided coarse sand. In
the predation risk study, most large ammocoetes (58% mean survival) reduced predation risk by
their ability to construct and remain inside of stable burrows. Although not used in the predation
risk study, smaller ammocoetes (< 50 mm) would likely experience higher predation risk in
coarse sand habitat given their avoidance of coarse sand in habitat selection studies.
Global declines of lamprey populations have grabbed the attention of natural resource
agencies, but many aspects of lamprey ecology are poorly understood. As with many stream
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fishes, habitat degradation is a likely cause of population declines (Jenkins and Burkhead 1993;
Renaud 1997; Kohler and Hubert 1999; Close et al. 2002; Moyle and Cech Jr. 2004).
Sedimentation and channelization are two common anthropogenic alterations to streams that may
greatly affect ammocoete habitat. Both processes degrade ammocoete habitat by altering the
natural substrate regime in streams. Sedimentation results from many land use practices, such as
timber removal, road construction, riparian removal, agricultural activities, and urban
development. Sedimentation often increases the amounts of clay and silt particles within a
stream (Jenkins and Burkhead 1993; Kohler and Hubert 1999; Close et al. 2002). Clay and silt
from sedimentation can blanket and reduce clean fine sand habitat. Channelization removes
natural stream meanders and often increases the size of benthic substrate in streams because of
increased stream velocities and reduced formation of fine sand beds (Jenkins and Burkhead
1993; Kohler and Hubert 1999; Close et al. 2002).
Our study links habitat availability and predation risk in ammocoetes of the least brook
lamprey. Land use practices that reduce fine sand substrate in streams and increase silt/clay and
coarse sand may increase predation risk of ammocoetes. Given that loss of habitat is a likely
explanation for population declines in lamprey species, our results have conservation and
management implications. Specifically, we found that substrates too small (silt/clay) or too large
(coarse sand) are associated with higher predation than the preferred fine sand substrate.
Possibly, the preferred fine sand substrate is just right for burrow construction and stability
(Beamish and Jebbink 1994, Beamish and Lowartz 1996), and when presented with suboptimal
substrates (too large or too small) ammocoetes may bear increased predation risk due to an
increase in time spent outside of burrows. Availability of fine sand habitat is controlled, in part,
by geology and stream size but can be reduced by habitat alterations, such as stream
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sedimentation and channelization. If stream habitat alterations reduce fine sand habitat, then
populations of least brook lamprey will likely decline owing, in part, to increased predation risk.
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Table 3.1. Overall survival of ammocoetes in each habitat type (10 trials pooled per habitat type).
Habitat
clay/silt
coarse sand
fine sand

# Lived
8
115
160

# Died
192
85
40

% Survivors
4.0
57.5
80.0

95 % Profile Likelihood Confidence Interval
2.4 ‐ 5.6
51.8 ‐ 63.3
75.1 ‐ 84.9

Table 3.2. Comparisons of ammocoete survival from predation in different habitat types
and the odds of survival in one habitat versus another.
Habitat Comparison
Coarse Sand vs. Clay/Silt
Fine Sand vs. Clay/Silt
Fine Sand vs. Coarse Sand
* significant at α = 0.05

Estimate
3.77
4.96
1.19

Std. Error
0.41
0.43
0.24

z value
9.24
11.56
4.96

Pr(>|z|)
< 2E‐16
< 2E‐16
6.96E‐07

Table 3.3. The odds of ammocoetes surviving predation in a given
habitat vs. another habitat and the associated 95 % confidence intervals.
Habitat Comparison
Coarse sand vs. Clay/silt
Fine sand vs. Clay/silt
Fine sand vs. Coarse sand
* significant

Odds Ratio
43.36
142.72
3.29

Lower CI
16.32
51.1
1.85
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Upper CI
115.19
398.63
5.85

*
*
*

Odds Ratio
43.36
142.72
3.29

*
*
*
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Figure 3.1. Summary of experimental trials showing number of surviving ammocoetes in each
habitat per trial. Twenty ammocoetes were present at the start of each trial.
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Figure 3.2. Median percentage survival (smallest observation, lower quartile, upper quartile,
and largest observation) per trial for each habitat type. Open circles represent influential
observations (outliers).
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